Skin cancer is the most frequently diagnosed cancer in the United States, with over 800 000 basal cell and squamous cell carcinomas reported yearly (Mukhtar et al., 1995) . Over 90% of these lesions are attributed to exposure to ultraviolet light (Mukhtar et al., 1995) . Because these tumors rarely metastasize, mortality associated with skin cancer is low. However in view of the impact of such high tumor numbers on human health, further investigation is warranted into the molecular events triggered in epidermal cells by UV irradiation.
Exposure of mammalian cells to UV light leads to a genetic response known as the UV response which is proposed to have a protective function (Devary et al., 1992) . This response is mediated by a set of UVinducible genes containing activator protein-1 (AP-1) binding sites within their promoters (Rozek and Pfeifer, 1993) . The transcription factors regulating the various genes involved in the UV response are mainly AP-1 and nuclear factor kappa B (NF-kappa B) (Devary et al., 1993) . More recently, another contributor to the UV response has been identi®ed to be the c-Jun N-terminal kinase, JNK1. JNK1 binds to cJun protein and phosphorylates the c-Jun activation domain at serine residues 63 and 73 .
The c-Jun N-terminal kinases (JNK), also referred to as stress-activated protein kinases (SAPK), are activated in mammalian cells in response to a number of stress-associated stimuli. JNK activation can occur following exposure of cells to UV irradiation, heat shock, osmotic shock, tumor necrosis factor alpha, and exposure to ionizing radiation Kallunki et al., 1994; Kyriakis et al., 1994; Westwick et al., 1994; Gupta et al., 1995; Adler et al., 1996; Chen et al., 1996) . The JNKs, like the extracellular signal regulated protein kinases (ERKs), are activated by phosphorylation at conserved threonine and tyrosine residues, and belong to the mitogen-activated protein kinase (MAPK) family.
Some of the above signaling events and/or cellular changes which are induced by UV radiation may function as cellular defense mechanisms while others may play a role in carcinogenesis. Hence, understanding the biological consequences of exposure to ultraviolet radiation (UV) is important. The UV spectrum is subdivided into three regions based upon wavelength: UV-C (200 ± 280 nm), UV-B (280 ± 320 nm) and UV-A (320 ± 400 nM). The earth's atmosphere absorbs all of the UV-C and much of the UV-B wavelengths (Matsui and DeLeo, 1995) . Therefore solar radiation reaching the earth's surface is a mixture of UV-B (1 ± 10%) and UV-A (90 ± 99%).
Previous studies in our laboratory and others have investigated the ability of UV (UV-B and UV-C) irradiation to activate JNK, thereby causing phosphorylation of c-Jun protein at ser63 and ser73. Interestingly, results from our laboratory and others (Dhanwada et al., 1995; Adler et al., 1996) have shown that activation of JNK depends on the wavelength window of UV radiation used. Highest levels of JNK activation are seen in cells exposed to shortwave, high energy UV-C radiation (254 nm). In contrast, we have reported that when cells in culture or epidermis (in vivo) were subjected to a single exposure of UV light in the UV-B wavelength region (280 ± 320 nm), only a low level of activation of JNK1 was observed (Dhanwada et al., 1995) . More recently, Ronai and coworkers have demonstrated that exposure of cultured ®broblasts to multiple doses of UV-B. radiation results in signi®cant JNK activation (Adler et al., 1996) . In view of the fact that the vast majority of skin cancers arise from epithelial cells in the epidermis, we have extended these observations using a biologically relevant cell line, the mouse immortalized keratinocyte cell line, C50. In the present studies we have investigated the time course of JNK1 activation in cultured keratinocytes exposed to multiple doses of UV-B radiation. Our results demonstrate that JNK1 activation is induced very rapidly in keratinocytes exposed to UV-B, with maximal induction occurring within 10 min post-irradiation.
Multiple UV-B treatments are more eective at activating JNK1 in C50 keratinocytes than a single treatment
To examine the reponse of cultured keratinocytes to multiple treatments with UV-B, C50 cells were exposed to three doses of UV-B at 30 min intervals, and harvested 1 h after the last dose. Cells were harvested in Triton Lysis Buer and JNK1 activity was measured in cell lysates by an immune complex kinase assay (Dhanwada et al., 1995) , as shown in Figure 1 . While a single UV-B dose produced modest JNK1 induction, three UV-B treatments were more eective at inducing JNK1 than a single exposure to either 100, 200, 300 or 400 J/m 2 . As expected from previous studies by our laboratory and others (Adler et al., 1995; Dhanwada et al., 1995) , a single UV-C dose of 40 J/m 2 was a more potent inducer of JNK1 activity than a single dose of 400 J/m 2 UV-B (Figure 1 ). Our results showing a 2 ± 3-fold induction of JNK1 with a single UV-B dose dier slightly from previous studies in our laboratory, where C50 cells were shown to exhibit little or no activation of JNK1 when exposed to a single dose of UV-B (Dhanwada et al., 1995) . We believe that this dierence was most probably due to biological variability in growth and culture conditions of the cells prior to UV radiation.
Next we determined the time frame within which JNK1 activation occurred in cultured keratinocytes subjected to multiple UV-B exposures. C50 cells were exposed to three doses of UV-B at either 100 , 1997) . This dose produced no evidence of cytotoxicity in C50 cells, in agreement with previous studies which demonstrated that three exposures produced 510% cytotoxicity, further revealing relevance (Adler et al., 1996) .
Activation of JNK1 after multiple UV-B. treatments in C50 cells is rapid and occurs within minutes
To determine whether 1 h post irradiation was the optimal time for assessing the kinetics of JNK1 activation after multiple UV-B exposures, an additional time course analysis was performed using early time points. C50 cells were irradiated with three rounds Number of doses Figure 1 Dose response of C50 keratinocytes to single or multiple treatments of UVB UV treatments were performed as described previously (Dhanwada et al., 1995) . C50 cells were cultured for 3 days in Eagles Minimal Essential Medium supplemented with 8% chelexed fetal bovine serum, at which point they were 70 ± 80% con¯uent. Prior to the exposure of the C50 cells to UVB, the culture medium was removed and the C50 cells were washed twice with 5 ml of phosphate-buered saline (PBS). Cells were then covered with 4 ml of PBS and exposed to (100, 200, 300 or 400 J/m 2 ) doses of UVB radiation. Subsequently, the same culture medium was replaced and the cells were incubated at 378C. For samples treated with three UVB exposures, this treatment was repeated twice more in 30 min intervals and cells were harvested an hour postirradiation. UVB irradiation was carried out in a UVB exposure chamber ®tted with two FS40T12-UVB lamps and a Kodak ®lter that removes radiation below 300 nm. Peak emission is 313 nm. UVC irradiation was carried out in a tissue culture hood ®tted with a germicidal lamp. The dose of UV was quantitated in J/m 2 using a microvolt ampmeter (Eppley Laboratories, Newport, RI). At the indicated times following UV exposures, cells were washed twice with 5 mls of phosphate-buered saline (PBS) and then lysed in 500 ml of cold TLB (Triton Lysis Buer: 20 mM Tris (pH 7.4), 137 mM NaCl, 25 mM beta-glycerophosphate, 2 mM pyrophosphate, 1 mM phenylmethylsulfonyl¯uoride, leupeptin (5 mg/ml), aprotinin (5 mg/ml), 2 mM benzamidine, 0.5 mM dithiothreitol). JNK1 immune complex kinase assay was performed as described by Dhanwada et al., 1995. Brie¯y, 200 mg of cellular extract was immunoprecipitated with an anti-JNK1 antibody (C-17, Santa Cruz Biotechnology, Inc., California) at 48C. Immune complexes were washed and subjected to the immune complex kinase assay with GST-c-Jun (residues 1 ± 79) as substrate in the presence of radiolabeled g-32 P ATP. The reaction was performed at room temperature for 15 min and stopped with sample buer. Samples were separated on a 10% SDS polyacrylamide gel and the kinase activity was quanti®ed using PhosphorImager analysis. A gel depicting the dose response of C50 keratinocytes irradiated with single or multiple doses of UVB is shown. [un=untreated controls]. Fold activation of JNK1 as determined by PhosphorImager analysis is shown 2 each 30 min apart) and harvested at various times ranging from 1 min to 2 h after the last exposure (Figure 3 ). JNK1 activity was rapidly induced threefold within 1 min after the last exposure and continued to increase, with maximum JNK1 induction of approximately ®vefold occurring within 10 min (Figure 3) . Interestingly, the ability to induce JNK1 activity declined by 1 h post-irradiation and was down to 1.8-fold within 2 h post-irradiation (Figure 3) . Thus, multiple doses of UV-B caused very rapid and transient activation of the JNK1 signal transduction pathway in C50 keratinocytes.
Sustained activation of the JNK1 kinase after UV-C. irradition in C50 cells
We next investigated the response of C50 keratinocytes to UV-C irradiation, for comparison with the response to the UV-B. We performed a time course experiment in which C50 cells were exposed to a single dose of 40 J/m 2 UV-C and harvested at dierent times from 1 min to 120 min post-irradiation. A dose of 40 J/m 2 was chosen because previous studies in our laboratory have shown that 40 J/m 2 UV-C is the most eective dose in inducing JNK1 activity in C50 cells (Dhanawada et al., 1995) . As expected from our previous studies, UV-C was more eective than UV-B in inducing JNK1 activity in C50 keratinocytes (compare Figure 3 with Figure 4) . Maximum induction of JNK1 activity was approximately tenfold with UV-C irradiation (Figure 4 ) and approximately ®vefold with UV-B (Figure 3) . Interestingly, unlike the UV-B response which began declining within an hour post UV-B, UV-C-induced JNK1 activation was sustained over the 2 h period. Two hours following irradiation, the JNK1 activity was still approximately sevenfold higher than in the control cells (Figure 4 ). This data clearly indicates that keratinocytes respond dierently to radiations in the UV-B and UV-C wavelengths, wherein the response to the biologically relevant UV-B radiation is dramatic and short-lived, while the response to UV-C appears to be more prolonged.
A number of studies have documented that UV-C, stress and in¯ammatory cytokines activate the stressactivated protein kinase pathway (JNK1 or SAPK) Kallunki et al., 1994; Kyriakis et al., 1994; Westwick et al., 1994; Gupta et al., 1995; Adler et al., 1996) . However, UV-C radiation does not penetrate the earth's upper atmosphere and solar radiation reaching the earth's surface consists primarily Kinetics of the activation of JNK1 in UVC irradiated C50 keratinocytes. Cell lysates were prepared at the indicated times from C50 cells that were previously exposed to a single dose of UVC (40 J/m 2 ), or sham-treated control C50 cells. JNK1 immune complex kinase assay was performed as described in Figure 1 . A representative gel depicting JNK1 activity and the 1 min sham treated control (C) are shown. The kinetics of JNK1 activation in C50 keratinocytes is diagrammatically depicted. Each bar is an average of two independent experiments. Fold activation of JNK1 was determined by PhosphorImager Analysis of UV-B and UV-A (Hall et al., 1993) . In view of the numerous studies associating exposure to UV-B wavelengths with skin cancer (Cerutti and Trump, 1991; Berg et al., 1996; Chatterjee et al., 1996; Goldsmith, 1996; Sage et al., 1996; Berg et al., 1997) , a major focus of research in our laboratory has been to investigate the response of keratinocytes to biologically relevant doses and wavelengths of UV-B.
Although much has been learned about the involvement of JNK1 in signal transduction using a variety of normal and tumor cell lines, relatively few studies have been performed with keratinocytes using UV-B. Therefore, in the present paper, we have extended our earlier studies with C50 keratinocytes, to further characterize their response to biologically relevant UV wavelengths and doses. The dose of UV-B (36200 J/m 2 ), used in our experiments is physiologically relevant and is roughly equivalent to an erythemic dose for a light-skinned individual (Fitzpatrick et al., 1997) .
In the present study we have demonstrated rapid activation of the Jun N-terminal kinase in a C50 keratinocyte cell line in response to a physiologically relevant dose of UV-B (36200 J/m 2 ). Activation was ®rst detected within 1 min, peaked at 5 to 10 min and diminished within 1 h following the UV-B treatments. These results should be of signi®cant interest to other researchers in the signal transduction ®eld, since JNK1 activation has been commonly monitored at 1 h post treatment. In contrast to multiple doses of UV-B, a single dose of high energy UV-C radiation (40 J/m 2 ) activates the JNK1 to a greater extent and this activation is maintained for a much longer period of time.
We have shown that multiple UV-B exposures activate the JNK1 pathway more dramatically than a single dose of UV-B irradiation. This could be due to an additive eect of single exposures or due to the ability of multiple doses of UV-B to activate additional pathways each of which could cooperate to activate the JNK1 signaling pathway. Data from our laboratory as well as others have shown that a single dose of UV-C irradiation activates JNK1 more dramatically than single/multiple doses of UV-B. This may be due to the fact that UV-C wavelengths have higher energy than UV-B wavelengths or that the cellular sensors targeted by UV-C irradiation are potentialy dierent from those targeted by UV-B.
Our results also provide evidence that the response of cells to UV irradiation may dier depending on cell type. Pro®les of activation of the JNK1 pathway by UV-B and UV-C irradiation in our in vitro experimental system dier from those previously seen with ®broblasts and UV-B/UV-C. For example, Adler and coworkers observed that activation of JNK in UV-B treated ®broblasts was prolonged over a 24 h period. The dierence may very well be due to the fact that the physiological response of keratinocytes to UV-B and UV-C is dierent from that of ®broblasts. Minor variations in the dose and times of exposure cannot be ruled out as other possibilities.
Previous work from our laboratory as well as other laboratories have shown that keratinocytes, ®broblasts and other cell types respond dierently to UV-B and UV-C components in terms of activation of the MAP kinase pathway (Dhanwada et al., 1995; Medrano et al., 1995) . Whereas a single dose of UV-B was a weak activator of either the ERKs or JNK1 in keratinocytes, a single dose of UV-C. eectively activated both ERK1/ERK2 and JNK1 (Dhanwada et al., 1995) . Our data presented herein provide additional proof that keratinocytes respond dierently to the UV-B and UV-C spectrum of solar radiation and three doses of UV-B were required for signi®cant and rapid activation of JNK1 in keratinocytes. The dierence observed in ability of cells to respond to dierent regions of the UV spectrum may in turn translate into activation of distinct cellular target(s), sensors and/or signaling pathway(s), which would mediate the downstream eects of the respective radiation. Further studies will need to be done to identify such downstream eector(s). Their discovery would help unravel the signal transduction pathway(s) involved in the UV response, thus providing a better understanding of the cellular mechanisms that may be involved in genesis of skin cancers.
